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Introduction
Abnormally dry conditions in the Midwest in 1999 and 2000 (National Drought Mitigation Center, 1999) led to water level declines for many of the water-supply lakes in Missouri. Because many of the water-supply lakes had outdated area/volume tables or had none at all, managers of the water supplies were concerned that their lake's supply would not be adequate to meet their needs. To provide the water-supply managers with the needed information on the capacity of their lakes, the U.S. Geological Survey, in cooperation with the Missouri Department of Natural Resources, began a project to survey the bathymetry of the 46 most drought-affected lakes ( fig. 1 ) and provide updated area/volume tables for these lakes.
In addition, after years of potential sedimentation, managers were becoming concerned about the accuracy of the area/volume tables at several of the lakes under the administration of the U.S. Army Corps of Engineers. The U.S.
Geological Survey, in cooperation with the U.S. Army Corps of Engineers, began a project to survey the bathymetry of the five lakes of most concern ( fig. 1 ) and provide updated area/ volume tables for these lakes.
Study Area
Most of the drinking-water lakes surveyed were located in northern or west-central Missouri (sites 1-46; fig. 1 ), where access to a reliable groundwater supply does not exist. Drinking-water lakes surveyed ranged in size from about 8 to 1,010 acres at the time of the survey, but most were less than 200 acres in size. The U.S. Army Corps of Engineers lakes surveyed generally were larger than the drinking-water lakes, and ranged in size from about 708 to 9,630 acres in size at the time of the survey (sites 47-50; fig. 1 ).
Purpose and Scope
The purpose of this report is to document the methodology used to survey the bathymetry, compute the area/volume tables, and to present the bathymetric data collected for 51 lakes in Missouri. The report describes the accuracy of the bathymetric surface and the bathymetric contours for lakes.
Methods
Technology used to conduct bathymetric surveys in lakes has changed substantially since bathymetric data were first collected, but the general procedure largely remains the same whether collecting data using a weighted sounding line or boat-mounted survey-grade multibeam fathometer (hereafter referred to as multibeam fathometer). Under ideal conditions, the lake surface would be at the full pool elevation when conducting a bathymetric survey so the survey instrument can collect the maximum amount of data with little or no data collection necessary above the water surface elevation. Water-depth measurements are made at numerous points within a lake, and then the depths are converted to elevation by subtracting the water depth from the water surface elevation. Elevation
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is interpolated in areas between collected data points. The elevation values are interpreted and a bathymetric surface is derived. The area/volume table is computed, and a bathymetric contour map is generated from the bathymetric surface. Wilson and Richards (2006) provide a detailed description of the methods used to conduct bathymetric surveys of small lakes using a single-beam survey-grade fathometer (hereafter referred to as single-beam fathometer). Huizinga ( , 2011 , and Huizinga and others (2010) provide descriptions of the methods used to conduct bathymetric surveys using a multibeam fathometer in large rivers; however, the methods are applied the same way in lakes.
Single-Beam Fathometer Surveys
In general, for sites 1 to 50 ( fig. 1 and table 1 ), position data were collected using boat-mounted differential global positioning system (DGPS) equipment. Water depths were collected using a single-beam fathometer, operating at 200 kilohertz. The single-beam fathometer emitted sound pulses that were reflected off the lake bottom and received by a transducer. In some areas, the water depth was below the minimum operating depth [approximately 2.5 feet (ft)] of the single-beam fathometer, and water depths were measured manually using a graduated rod. Shoreline points were collected using only the DGPS coordinate data with zero depth. These various data types are described in more detail, and illustrations of their spatial relation to one another are presented, in Wilson and Richards (2006) .
Bathymetric maps and tables of the drinking-water lakes (sites 1-46, fig. 1 and table 1) were most often computed to the spillway elevation of the lake (normally considered the full pool elevation). In some cases, for sites 1-46, bathymetric maps and tables were computed to the elevation of the top of the dam. Because of drought conditions during and before the time of some of the surveys, the water surface for some of the drinking-water lakes (sites 1-46, fig. 1 and table 1) was several feet below the full pool elevation. The lakes that were surveyed in 2000 and 2001 generally had the greatest difference between the lake surface elevation and the full pool elevation. The maximum difference was 9.3 feet at Stanberry Lake (site 6, fig. 1 and table 1). The median difference between the lake surface elevation and the full pool elevation was 0.3 feet for sites 1-46. In some cases when the lake surface was not at the full pool elevation, land surface elevation points, collected with DGPS equipment, were obtained at various locations and densities between the lake shoreline and the full pool elevation of the lake to augment the fathometer data. These two datasets were combined, and a bathymetric surface was produced for these lakes up to the full pool elevation.
Bathymetric maps and tables of U.S. Army Corps of Engineers lakes (sites 47-50, fig. 1 and table 1) were computed to the elevation of top of the dam. Land surface elevation data above the water surface for sites 47-50 were collected using DGPS equipment and were obtained at various locations and densities where possible. DGPS data were augmented above the water surface with 1:24,000 scale topographic data to complete the maps and tables for sites 47-50 where DGPS data could not be collected or were distributed sparsely.
Single-beam fathometer surveys were designed to collect data along transects oriented generally perpendicular to the down valley flow direction of the original stream course ( fig. 2) . The distance between transects was approximately 1 to 2 percent of the length of the long axis of the lake. For example, a lake with a long axis length of 5,000 ft would have an approximate transect spacing of 50 to 100 ft. Wilson and Richards (2006) indicate that this transect density is sufficient to develop a bathymetric surface from which an area/capacity table, referred to as an area/volume table in this report, can be computed. The resulting bathymetric surface would provide a reliable representation of the lake bottom and the resulting table would give a volume difference at full pool of less than 5.1 percent when compared to surveys with higher density transect spacing (Wilson and Richards, 2006 Early in the project (before December 2003), methods of collecting bathymetric data using a single-beam fathometer and data processing techniques were being developed. The data collection and data processing methods for these earlier surveys may be slightly different compared to surveys completed later in the project. The most significant difference between the earlier surveys and the later surveys is the collection of a quality-assurance dataset that was added to the procedure in December 2003. The quality-assurance data were collected with the single-beam fathometer at an oblique angle to the survey transects and at a spacing of approximately five times the survey transect spacing. This dataset allowed the accuracy of the survey to be evaluated. Because surveys completed before December 2003 do not have a quality-assurance dataset, accuracy of these surveys cannot be quantified; however, the methods of data collection and processing of the earlier surveys were similar to the later surveys and the expected accuracy is likely to be similar to the accuracies computed in later surveys.
Multibeam Fathometer Survey
For Clearwater Lake (site 51; fig. 1 and table 1) , the single-beam fathometer and the multibeam fathometer were used. The multibeam fathometer operates in a similar way to the single-beam fathometer with the main difference being that it uses multiple sonar transceivers instead of one, and that depth and position data are corrected for boat movement (heave, pitch, and roll). For each sounding, or "ping," the multibeam fathometer collects a swath consisting of 512 points of data perpendicular to the direction of travel. When compared to the single-beam fathometer, the multibeam fathometer collects far greater numbers of data points and provides nearly complete data coverage of the survey area.
For Clearwater Lake (site 51; fig. 1 and table 1), the bathymetric survey was completed while the lake stage was above the normal pool elevation, and parts of the lake designated as the flood pool were inundated. The part of the lake that is in the flood pool is inundated infrequently, and because of this, the area has substantial vegetative cover such as trees, vines, and brush. The generally shallow depths in this area combined with the vegetative cover caused problems for boat navigation and increased impact hazards to the multibeam fathometer. As a result, the parts of the lake that were shallow and heavily vegetated were impractical to survey with the multibeam fathometer. The bathymetry in these areas were estimated from 1:24,000 scale digital elevation model data that were vertically adjusted with data collected using the singlebeam fathometer at intervals across and along the flood plains ( fig. 3) . Methods similar to those used in Wilson and Richards (2006) for processing single-beam fathometer data were used to process the multibeam fathometer data, the main differences being that the volume of data was much greater and there was less interpolation necessary because the lake bottom had nearly full survey coverage. The volume of data was reduced by averaging the collected data to a 16.4-ft grid so that an area/volume table and bathymetric contour map could be produced.
Bathymetric Survey Products and Accuracy
Bathymetric surveys of 51 lakes ( fig. 1 and table 1) were made between July 2000 and May 2008. Bathymetric contour maps for each lake are presented in the appendix (link to appendix) at the back of this report. Area and volume at selected lake stage elevations were computed for each lake and are presented as a table on the corresponding lake map in the appendix (link to appendix). The volume of water contained in the lake shown in the tables is an estimate of the storage capacity at various lake stages based on the surveyed bathymetric surface. It should be noted that in most cases, the stated volume of water may not all be available for use because of various limiting factors. Limiting factors can include the elevation of the water intake (below which water cannot be used), and, in the case of paired lakes such as the Higginsville upper and lower lakes (site 19), the volume contributed to the lower lake from the upper lake is limited by the elevation of the connection between the two.
The fundamental vertical accuracy for the single-beam fathometer surveys is evaluated by comparing the qualityassurance dataset collected at the time of the survey to the computed bathymetric contours and bathymetric surface, and computing the root mean square error at the 95-percent confidence level (Wilson and Richards, 2006) . For lakes that were surveyed using the single-beam fathometer after December 2003, accuracy of the contour maps had a median of (Calder and Mayer, 2003) was used to estimate the total propagated uncertainty (TPU) for the 16.4-ft gridded bathymetric surface of Clearwater Lake (site 51, fig. 1 and table 1) , where the multibeam fathometer was used. This method, as it relates to multibeam fathometer surveys, is described more fully in Huizinga ( , 2011 . The CUBE analysis of the multibeam fathometer survey of Clearwater Lake (site 51, fig. 1 and table 1) indicated that 99.4 percent of the tested data had a TPU of less than 1.64 ft, 68.4 percent of the tested data had a TPU of less than 0.82 ft, and 40.9 percent of the tested data had a TPU of less than 0.50 ft. The accuracy of the bathymetric surface of Clearwater Lake was not evaluated in areas that were not surveyed with the multibeam fathometer.
For multibeam fathometer surveys, the greatest uncertainty in vertical elevation generally tends to occur in areas of high relief such as steep-sided submerged ridges and channels, and steep areas along shorelines (Huizinga, , 2011 . Areas of generally low relief tend to have lower uncertainty in vertical elevation. Examination of the distribution of the magnitude of the differences in vertical elevation for single-beam fathometer surveys generally indicates these same trends (Gary Wilson, U.S. Geological Survey, written commun., 2008,).
